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Sensitivity analysisThe analysis of energy-use patterns and carbon footprint is useful in achieving sustainable
development in agriculture. Energy-use indices and carbon footprint for rain-fed water-
melon production were studied in the Kiashahr region of Northern Iran. Data were col-
lected from 58 farmers using a self-structured questionnaire during the growing season
of 2013. The Cobb–Douglas model and sensitivity analysis were used to evaluate the effects
of energy input on rain-fedwatermelon yield. The findings demonstrated that chemical fer-
tilizers consumed the highest percentage of total energy input (75.2%), followed by diesel
fuel (12.9%). The total energy input was 16594.74 MJ ha1 and total energy output was
36275.24 MJ ha1. The results showed that the energy-use ratio was 2.19, energy productiv-
ity was 1.15 kg MJ1, energy intensity was 0.87 MJ kg1, and net energy gain was
19680.60 MJ ha1. Direct and indirect energy for watermelon production were calculated
as 2374.4 MJ ha1 (14.3%) and 14220.3 MJ ha1 (85.7%), respectively. The share of renewable
energy was 1.4%. This highlights the need to reduce the share of non-renewable energy and
improve the sustainability of rain-fed watermelon production in Northern Iran. The study
of carbon footprint showed that the chemical fertilizer caused the highest percentage of
greenhouse gas emissions (GHG) followed by machinery with 52.6% and 23.8% of total
GHG emissions, respectively. The results of the Cobb–Douglas model and sensitivity anal-
ysis revealed that increasing one MJ of energy input of human labor, machinery, diesel fuel,
chemical fertilizers, biocides, and seed changed the yield by 1.03, 0.96, 0.19, 0.97, 0.16, and
0.22 kg, respectively, in the Kiashahr region of Northern Iran. Providing some of the nitro-
gen required for crop growth through biological alternatives, renewing old power tillers,
and using conservation tillage machinery may enhance energy efficiency and mitigate
GHG emissions for rain-fed watermelon production in Northern Iran.
 2016 China Agricultural University. Production and hosting by Elsevier B.V. All rights
reserved.1. Introduction
Watermelon (Citrullus lanatus) is a popular melon mainly
grown in warmer regions of the world. Its fruit, juice, and
seeds are used for human nutrition. The therapeutic proper-
ties of watermelon, attributed to its antioxidant compounds,
have been reported previously [1,2].
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population, energy use in the agricultural sector has increased
[3]. The main drawbacks to increased energy consumption are
inadequate energy sources, high production costs, incorrect
supply allocation, and increased national and international
competition in agricultural trade [4]. Therefore, the study of
energy patterns in the agricultural sector helps evaluate the
efficiency and environmental impact of production systems
[5]. Iran is among the 10 countries that emit the greatest
amount of CO2 in the world [6]. The agricultural sector in this
country emits approximately 36.5% of the total N2O emission
and 2% of CO2 and CH4 [6,7]. Therefore, along with attention
to energy-use efficiency in agriculture, the environmental
impact of agricultural activities should be more carefully con-
sidered. Previous works have examined energy-use patterns
and carbon footprint. Pishgar-Komleh et al. [8] analyzed the
energy consumption and GHG emission of cotton production
in Iran and found that the total GHG emission was 1195 kg
CO2 eq ha
1, with machinery input and diesel being the most
important inputs. Khoshnevisan et al. [9] studied the energy
audit and carbon footprint of wheat production in the Isfahan
province of Iran. The electricity and chemical fertilizers con-
tributed most to energy consumption for wheat production
in the Isfahan province of Iran. Electricity contributed most
to the carbon footprint of wheat production (74%), followed
by chemical fertilizers (14%). Soltani et al. [10] studied the
energy use and GHG emissions resulting from wheat produc-
tion in the Gorgan province of Iran, reporting a total energy
input of 15.58 GJ ha1. They suggested that conservation tillage
and improved nitrogenmanagementwould reduce energy use
and GHG emissions. Sefeedpari et al. [11] demonstrated that
sugarcane production in the Haft-Tappeh sugarcane agro-
industrial company in Iran used a total energy input of
198 GJ ha1 and the energy ratio was 1.18. The greatest share
of energy consumption was from electricity (39%). The GHG
emissions of diesel fuel consumption could be reduced by
alternative tillage systems, such as reduced and minimum
tillage practices. Bartzas et al. [12] compared the energy con-
sumption and environmental impacts of lettuce and barely
production in Italy and Spain in both open field and green-
house cultivations. They used life cycle assessment (LCA)
and cumulative energy demand (CED) methodology to assess
the environmental impacts and energy consumption, respec-
tively. The impacts of open-field cultivations were reported
to be higher than those of greenhouse cultivations.
Moradi et al. [13] compared energy-use indices of full and
reduced irrigated systems for seedy watermelon production
in northeast Iran. The reduced irrigation system was more
energy efficient than the full irrigation system (4.08 and
1.17, respectively), attributable to lower energy input, particu-
larly of water and chemicals. Nabavi-Pelesaraei et al. [14]
investigated the energy-use and GHG emissions of irrigated
watermelon production at different farm levels in the Chaf
region, Guilan province, Iran. No significant differences
between energy efficiency and GHG emissions among differ-
ent farm sizes (small (<1 ha), medium (1–3 ha), and large
(>3 ha)) were observed. Nitrogen fertilizer has been identified
as the most important input in terms of the output–input
energy ratio and GHG emissions, followed by diesel fuel for
applying farm machinery and electricity for pumpingirrigation water. Khoshnevisan et al. [15] also evaluated the
environmental impacts of watermelon production using life
cycle assessment (LCA) and multi-objective genetic algorithm
(MOGA) in Kerman province of Iran. They reported that the
use of LCA + MOGA revealed that a reduction of 27% in respi-
ratory inorganics and 35% in global warming and non-
renewable energy use can take place if a proper combination
of resources is used in the cultivation.
Until today, to the best of our knowledge, there has been
no research on energy-use patterns and GHG emissions for
watermelon production under rain-fed agro-systems. The
aim of the current study is to analyze the energy-use pattern
and carbon footprint of watermelon production by the dry
farming system in the Kiashahr region of Northern Iran.2. Materials and methods
2.1. Case study and sample selection
Kiashahr is located at Northern Iran (37250 N and 49560 E;
Fig. 1). Its annual rainfall was reported as 1496 mm in 2013.
Peanut, rice, bean, and melons constitute the main agricul-
tural products of this region. Watermelon is the most impor-
tant melon cultivated by the rain-fed production system in
this agricultural region. The data for rain-fed watermelon
production inputs were collected from regional watermelon
producers using a questionnaire structured to measure preva-
lent cultivation practices and common inputs. General inputs
in watermelon production include human labor, machinery,
diesel fuel, chemical fertilizers, biocide, and watermelon
seed. Tillage operations are performed by moldboard plow,
disc harrow, and tractor operated rotovator. Planting and
harvesting operations are conducted manually; weeding is
performed by power tiller operated comb harrow.
A sample of 58 farmers was selected using stratified ran-
dom sampling. The Cochran method was used to determine
sample size [16]:
n ¼ Nðs tÞ
2
ðN 1Þd2 þ ðs tÞ2 ð1Þ
where n = required sample size; s = standard deviation,
t = reliability coefficient (1.96 that indicates the 95% reliabil-
ity); N = number of holdings in target population; d = permis-
sible error (5% for a 95% confidence interval) which was
calculated from Eq. (2):
d ¼ t sﬃﬃﬃ
n
p ð2Þ2.2. Energy analysis
The energy equivalent of different inputs and output (Table 1)
was used to estimate the energy values. The human energy as
an energy input was calculated by multiplying the number of
man-hours (h ha1) by estimated power rating of human
labor (MJ h1) from Table 1. Energy used for machinery was
calculated by multiplying the time of using the machinery
by its corresponding energy equivalent. Other inputs, includ-
ing the diesel fuel, watermelon seed, and chemicals were con-
verted to equivalent energy values (MJ ha1) by multiplying
Fig. 1 – The study site (Kiashahr region in Northern Iran).
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form coefficient [17].
Energy-use efficiency and productivity, energy intensity,
and net energy gain were calculated using the following equa-
tions [22,23]:
Energy-Use Ratio ¼ Eo
Ei
ð3Þ
Energy Intensity ðMJ kg1Þ ¼ Ei
Y
ð4Þ
Net Energy Gain ðMJ ha1Þ ¼ Eo  Ei ð5Þ
Energy Productivity ðkg MJ1Þ ¼ Y
Ei
ð6Þ
where Ei = Energy input (MJ ha
1); Eo = Energy output
(MJ ha1); Y = Harvested watermelon yield; kg ha1.
The energy inputs were divided into direct and indirect.
They were also divided into renewable and non-renewable
energy categories [24]. Direct energy used in watermelon pro-
duction consisted of human labor, diesel fuel, and; indirect
energy consisted of seeds, chemicals, fertilizers, and machin-
ery. Renewable energy consisted of human labor and seeds;Table 1 – Energy equivalents of farm facilities for rain-fed water
Items Energy equival
A: inputs
Human labor (h) 1.96
Machinery (h) 62.7
Diesel fuel (L) 56.31
Chemical fertilizer
Nitrogen fertilizer (kg) 66.14
Phosphorus fertilizer (kg) 12.44
Potassium fertilizer (kg) 11.15
Biocide
Insecticide (kg) 278
Fungicide (kg) 276
Seed (kg) 1.9
B: output
Watermelon (kg) 1.9nonrenewable energy consisted of diesel, chemicals, fertiliz-
ers, and machinery [3].
2.3. Energy modeling
The Cobb–Douglas model was used to determine the effects
of energy input on watermelon yield for the region, using data
compiled from all the farms [25,26]:
Lnyi ¼ a0 þ
Xn
j¼1
aj lnðxijÞ þ ei ¼ 1;2; . . . ;n; ð7Þ
where yi denotes the yield of the ith farmer; xij each of the
inputs used in the production process (units as noted above);
the constant aj represents input coefficients, estimated from
the model; ei is an error term. According to this assumption,
the yield function of energy inputs, Eq. (3), can be expanded
to Eq. (4):
Lnyi ¼ a0 þ a1 ln x1 þ a2 ln x2 þ a3 ln x3 þ a4 lnx4 þ a5 lnx5
þ a6 lnx6 þ ei; ð8Þ
where x1; human labor is; x2; machinery x3; diesel fuel x4;
chemical fertilizer x5; biocide and x6; seed. Finally, the sensi-
tivity of yield in the region to energy input was investigatedmelon production.
ent (MJ unit1) References
Singh [18]
Canakci and Akinci [19]
Singh [18]
Ozkan et al. [5]
Ozkan et al. [5]
Ozkan et al. [5]
Meul et al. [20]
Meul et al. [20]
Kitani [21]
Kitani [21]
Table 2 – Greenhouse gas coefficients for agricultural inputs in rain-fed watermelon production.
Input Unit GHG coefficient (kg CO2 eq unit
1) References
Machinery MJ 0.071 Dyer and Desjardins [31]
Diesel fuel L 2.8 Dyer and Desjardins [32]
Chemical fertilizer
Nitrogen kg 1.3 Lal [33], Khoshnevisan et al. [9]
Phosphate kg 0.2 Lal [33], Khoshnevisan et al. [9]
Potassium kg 0.2 Lal [33], Pishgar-Komleh et al. [8]
Biocides 5.1 Lal [33]
Insecticide kg
Fungicide kg
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which indicates the change in output for one unit of change
in a given input, keeping all other factors constant [27,28].
The MPP of the various inputs was calculated as reported pre-
viously [29]:
MPPij ¼ GMðYÞGMðXijÞ  aij; ð9Þ
where MPPij represents marginal physical productivity of the
jth input; aj is the regression coefficient of the jth input; GM
(Y) is the geometric mean of the yield; and GM(Xj) denotes
the geometric mean of the jth input energy on a per hectare
basis [30].
2.4. Carbon footprint analysis
Carbon footprint for watermelon production was computed
using GHG emission coefficients for agricultural inputs
(Table 2). In dry watermelon farming in the Kiashahr region,
no electricity is used. Machinery, diesel fuel, chemical fertiliz-
ers, and biocides were responsible for CO2 emissions.3. Results and discussion
3.1. Energy-use pattern
The average total energy input for watermelon production in
Kiashahr was 16594.74 MJ ha1. Human labor and machinery
accounted for 232.38 (1.4%) and 1543.05 MJ ha1 (9.3%),
respectively (Table 3). The results also showed that chemical
fertilizer consumed the highest energy input at 75.2%, fol-
lowed by diesel fuel (12.9%). The average energy share for
nitrogen fertilizer was higher than the average of 69.6%
reported by Nabavi-Pelesaraei et al. [14] for watermelon pro-
duction in the Chaf region of Guilan province and 36.8% and
36.8% reported by Namdari [34] in the Hamadan province of
Iran. Complications resulting from excessive use of chemical
fertilizers indicate that farmers should be encouraged to use
farmyard manure as an appropriate alternative to chemical
fertilizer. The energy equivalent (0.3 MJ kg1) of farmyard
manure is much lower than for chemical fertilizer and this
property decreases the total energy input. In their research
Moitzi et al. [22] reported that reducing fertilizers saves the
most energy.
Table 3 indicates an energy-use ratio of 2.19 for rain-fed
watermelon production in the Kiashahr region, confirmingthe efficient use of energy in watermelon production in the
study region. This is more than the averages reported for
the irrigated watermelon production system in the Chaf
region of Guilan province, Northern Iran (1.29) and the
Hamadan province (1.13) [14,34]. The energy intensity for
rain-fed watermelon production system was calculated
as 0.87 MJ kg1, less than watermelon farms with less
advanced technology (1.5 MJ kg1) and advanced technology
(1.68 MJ kg1) in the Hamadan province, Iran [34]. The energy
intensity for watermelon production in the Chaf region of
Iran was reported as 1.48, 1.43, and 1.53 MJ kg1 for small
(<1 ha), medium (1–3 ha), and large farms (>3 ha), respectively
[14], indicating more energy efficient use of the rain-fed
watermelon production system in the study region than with
irrigated systems.
Energy productivity was determined as 1.15 kg MJ1, indi-
cating that 1.15 kg of watermelon was produced per unit of
energy input. This amount is higher than that reported by
Nabavi-Pelesaraei et al. [14] for watermelon production in
the Chaf region in Guilan province (0.68 kg MJ1). Although
watermelon yield in dry-land production systems is less than
that of irrigated farming systems, it is more energy efficient
than irrigated production systems. Similarly, energy produc-
tivity in the current research is higher than that reported
for watermelon farms with advanced technology
(0.66 kg MJ1) and for farms with less advanced technology
(0.59 kg MJ1) in the semi-arid region of Hamadan Province,
Iran [34].
The net energy gain was 19680.60 MJ ha1: energy output
was greater than energy input. This is higher than the net
energy gain of watermelon production in the Chaf region
(11380.43, 12654.98, and 10650.51 MJ ha1) and in Hamadan
province, Iran (17549.87 and 8954.18 MJ ha1) [14,34].
Table 4 shows the direct, indirect, renewable and non-
renewable energy inputs for watermelon production. The
results demonstrated that direct and indirect energy input
shares were 14.3% and 85.7% of total energy input, respec-
tively. This implies that the sum of energy inputs of human
labor and diesel fuel was significantly less than the sum of
energy inputs of machinery, fertilizers, chemicals, and seed.
Renewable and non-renewable energy input shares were
1.4% and 98.6%, respectively. This demonstrates that the
energy input of machinery, diesel fuel, chemical fertilizers,
insecticide, and fungicide was significantly greater than the
energy input of human labor and watermelon seed. The share
of renewable energy in this study is less than that reported by
Table 3 – Amounts of energy inputs and output and energy use indices in rain-fed watermelon production.
Items Quantity per unit area (ha) Total energy equivalent (MJ ha1) Percentage of total energy
input (%)
A: inputs
Human labor (h) 118.56 232.38 1.4
Machinery (h) 24.61 1543.05 9.3
Diesel fuel (L) 38.04 2142.03 12.9
Chemical fertilizer 75.2
Nitrogen Fertilizer (kg) 173.21 11456.11
Phosphorus Fertilizer (kg) 56.37 701.24
Potassium Fertilizer (kg) 28.45 317.22
Biocide 1.2
Insecticide (kg) 0.41 113.98
Fungicide (kg) 0.32 88.32
Seed (kg) 0.22 0.42
Total input energy 16594.74
B: output
Watermelon (kg) 19092.23 36275.24
Energy use ratio 2.19
Energy intensity (MJ kg1) 0.87
Energy productivity (kg MJ1) 1.15
Net energy gain (MJ ha1) 19680.60
Table 4 – Categories of energy use in watermelon production.
Indicators Unit Quantity
Direct energy MJ ha1 2374.4 (14.3%)
Indirect energy MJ ha1 14220.3 (85.7%)
Renewable energy MJ ha1 232.8 (1.4%)
Non-renewable energy MJ ha1 16361.8 (98.6%)
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production in Hamadan province (21% for high level of tech-
nology and 19.9% for low level of technology) and the Chaf
region (with an average of 3.8%), respectively. This indicates
that watermelon production in rain-fed cultivation conditions
in the study region is highly dependent upon non-renewable
energy input, compared with irrigated conditions in the Chaf
region of the Guilan and Hamedan provinces. Therefore,
managing the use of non-renewable energy inputs, such as
chemicals and fossil fuels, is highly important. Replacing
nitrogen fertilizer as the most important non-renewable
energy input with bio-fertilizers and organic fertilizers, such
as green manures and farmyard manures, may help reduce
non-renewable energy depletion and promote sustainability
in rain-fed watermelon production in the study region.
3.2. Energy modeling
Table 5 displays the estimated effects of energy inputs on
watermelon yield in Guilan province, Iran. The results of the
Cobb–Douglas model revealed that the impact of energy input
types including human labor, machinery, diesel fuel, biocides,
and seed on watermelon yield were positive, while the impact
of energy inputs of chemical fertilizers was negative (Table 5).
Increasing one MJ of energy input of human labor, machinery,diesel fuel, chemical fertilizers, biocides, and seed changed
the yield by 1.03, 0.96, 0.19, 0.97, 0.16, and 0.22 kg,
respectively.
3.3. Carbon footprint of watermelon production
The carbon footprint from rain-fed watermelon production
system in Kiashahr is shown Table 6. Greenhouse gas emis-
sions totaled 460.40 kg CO2 eq ha
1, lower than emissions
for irrigated watermelon production (1014.96 kg CO2 eq ha
1)
in the Chaf region of Guilan province and much less than that
reported for Kerman province (9485.5 kg CO2 eq ha
1) in cen-
tral Iran [14,15]. Lower nitrogen use compared to the study
of the Chaf region may be the main reason for lower GHG
emissions of watermelon production in the Kiashahr region
of the Guilan province. Higher total GHG emissions of
1195 kg CO2 eq ha
1 for cotton production, 2712 kg CO2 eq ha
1
for wheat production, and 993 kg CO2 eq ha
1 for potato
production were also reported in Iran [8,9,35].
Proportions of each production input for GHG emissions
are shown in Table 6. The results demonstrate that the share
of chemical fertilizer for total emissions was highest (52.6%),
followed by machinery (23.8%) and diesel fuel (22.8%). More
efficient use of nitrogen chemical fertilizer by its accurate
and timely use through simple soil tests may mitigate GHG
Table 5 – Estimating the effects of energy inputs on watermelon yield in Guilan province, Iran.
Coefficients t-ratio P-value MPP
Model: Lnyi = a0 + a1lnx1 + a2lnx2 + a3lnx3 + a4lnx4 + a5lnx5 + a6lnx6 + ei
X1: human labor 0.41 2.31* 0.03 1.03
X2: machinery 0.30 1.33ns 0.38 0.96
X3: diesel fuel 0.18 0.65ns 0.63 0.19
X4: chemical fertilizers 0.20 2.01* 0.04 0.97
X5: biocide 0.09 0.86ns 0.49 0.16
X6: seed 0.18 0.93ns 0.32 0.22
R2 0.86
R2Adj 0.71
Durbin Watson 1.89
Return to scale 0.96
ns and *: not significant and significant at five percent level, respectively.
Table 6 – Carbon footprint of rain-fed watermelon production.
Input Unit Average (kg CO2 eq unit
1) %
Machinery MJ 109.56 23.8
Diesel fuel L 104.99 22.8
Chemical fertilizer
Nitrogen kg 225.17 48.9
Phosphate kg 11.27 2.5
Potassium kg 5.69 1.2
Biocides
Insecticide kg 2.09 0.45
Fungicide kg 1.63 0.35
Total 460.41 100
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region. As in the case of renewable energy inputs, reducing
the use of nitrogen chemical fertilizer by using biological
alternatives such as bio-fertilizers, farmyard, and green man-
ures may reduce GHG emissions of watermelon production in
the research region.4. Conclusions
Based on the findings of this study, the following conclusions
may be drawn:
 Energy input and output of rain-fed watermelon produc-
tion was computed as 16594.74 MJ ha1 and
36275.24 MJ ha1, respectively. Chemical fertilizer was the
greatest energy consumer (75.2% of total energy input) fol-
lowed by diesel fuel (12.9%) and machinery (9.3%). Energy-
use ratio, energy productivity, specific energy, and net
energy gain were 2.19, 0.87 kg MJ1, 1.15 MJ kg1, and
19680.60 MJ ha1, respectively. Direct, indirect, renewable,
and non-renewable forms of energy were 14.3%, 85.7%,
1.4%, and 98.6%, respectively, indicating the minor role of
renewable energy input in rain-fedwatermelon production
in the study region.
 More efficient use of nitrogen chemical fertilizer by its
accurate and timely use through simple soil tests and
reduction of nitrogen chemical fertilizer using biologicalalternatives such as bio-fertilizers, farmyard, and green
manures may improve energy efficiency and mitigate
GHG emissions in watermelon production.
 Reducing diesel fuel by renewing old farm tractors, espe-
cially power tillers, and using conservation tillage system
may save fuel while increasing crop yield, increasing
energy efficiency and decreasing GHG emissions per pro-
duction unit in rain-fed production.
 Results of Cobb–Douglas model and sensitivity analysis
showed that increase of one MJ of energy input of human
labor, machinery, diesel fuel, chemical fertilizers, biocides,
and seed changed the yield by 1.03, 0.96, 0.19, 0.97, 0.16,
and 0.22 kg, respectively, in the Kiashahr region of
Northern Iran.
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